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1 ABSTRACT 
q73io 
6' 

The wear-life of a potassium s i l i c a t e  binder material was increased 
by the addition of sodium fluoride. A sol id  lubricant f i lm composed of Mos2J 
graphite, gold and potassium s i l i ca t e  modified with sodium fluoride exhibited 
f r i c t i o n  character is t ics  similar t o  those of MLF-5 and longer wear-life ( i n  
a i r )  than tha t  of MLF-5. A description of s i x  newly designed and fabricated 
wear-life t e s t e r s  is  presented. MLF-5 exhibited f r i c t i o n  coefficients as low 
as 0.04 at  room temperature, i n  a i r  and a t  loads t o  150,000 p s i .  An ultra- 
high vacuum apparatus w a s  b u i l t  and attained an ultimate pressure of 1.G x 

ra tus  is presented and discussed. 
Torr. The preliminary design of a multi-station vacuum f r i c t i o n  appa- 
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Center 
A program i s  being conducted for  the NASA Marshall Space Flight 

(MSFC) t o  investigate and evaluate inorganic sol id  lubricant f i l m s  
sui table  fo r  use i n  air and outer space environments. 
lubricant films are being evaluated a t  ambient pressures from normal atmos- 
pheric t o  loe7 Torr and temperatures from 80°F t o  400°F while under l i gh t  loads 
( i n  the  range of 2 - 14 ps i  projected a rea) .  

I n  t h i s  program solid 

Because the binder i n  a bonded-type sol id  lubricant f i l m  is  as i m -  

Potassium s i l i c a t e  (Kasil 88) was selected as the 
portant as the lubricant, much effor t  was spent on the development and evalua- 
t i o n  of binder materials. 
basic binder material and modified by the addition of potassium phosphate 
(K3P04) and sodium fluoride (NU). 
potassium s i l i c a t e  binder material was found t o  increase the  wear-life of the 
binder as much as 35 times i n  a nitrogen atmosphere. 
t e r i a l  consisting of 60 per cent Kasil 88 and 40 per cent NaF was incorporated 
in to  a composite lubricant f i l m  and evalu2ted. 

The addition of sodium fluoride t o  the 

A modified binder ma- 

Many f i l m s  were formulated using such lubricant materials a6 MoS2, 
MoSe2, WS2, kEe2, Au, Bi ,  BigTeg, and graphite and such binder materials as 
sodium s i l i c a t e  and potassium s i l i ca t e .  The resu l t s  of screening runs per- 
formed i n  an a i r  atmosphere show tha t  the f r i c t i o n  character is t ics  of a f i l m  
composed of Mo+ + graphite + gold/Kasil 88 + Na.F are  s i m i l a r  t o  the MLF-5 
f i l m .  MoSe2, WS2, and WSe2 were investigated individiidly as rezlacements 
for MoS2 i n  the MLF-5 f i l m  formulation. 
t ha t  these films do not warrant further investigation and t h a t  none of these 
lubricant materials exhibitslower f r i c t i o n  character is t ics  than Mo+ i n  the 
MLF-5 formulation. However, these materials should be considered and evaluated 
i n  other films and as additives t o  MLF-5. 

The resu l t s  of screening runs indicate 

Six wear-life t e s t e r s  were designed and fabricated t o  investigate the 
wear-life of solid lubricant films a t  room temperature and i n  an a i r  o r  an in- 
e r t  atmosphere. The resu l t s  of wear-life runs using the new t e s t e r s  show tha t  
a f i l m  consisting of MoS2 + graphite + gold/Kasil 88 + NaF exhibited longer 
wear-life i n  an air  atmosphere than MLF-5. 

The MLF-5 solid lubricant f i l m  was applied t o  many bearings and t e s t  
specimens for  WFC &i other C G E C ~ ~ Z E .  

p s i )  performed on MLF-5 at MSFC indicated tha t  the coefficient of f r i c t i o n  
ranged from 0.04 t o  0.14 and decreased w i t h  increased loads. 

Dn-tl..a for  high load t e s t s  (up t o  150,000 
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An ultra-high vacuum apparatus was designed and assembled t o  invest i -  
gate the f r i c t iona l  behavior and wear character is t ics  of sol id  lubricant f i l m s  
a t  pressures below 
l i t e r  t e s t  chamber, two cryogenic cold t raps ,  two mercury-vapor diffusion pumps 
and a mechanical forepump. 
an ultimate pressure of 1.6 x 10-13 Torr (indicated by a Redhead type gauge) was 
attained. 

Torr. The vacuum system essent ia l ly  consists of a one- 

Operation of the vacuum system was checked out and 

The preliminary design of a multistation vacuum apparatus i s  pre- 
sented and discussed. This apparatus can be used t o  evaluate the f r i c t i o n  and 
wear character is t ics  of solid lubricant f i l m s  applied t o  a variety of machine 
elements over a broad range of loads, speeds and temperatures. 
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I. INTRODUCTION 

A program i s  being conducted for  the NASAMarshaU. Space Flight Center 
(MSFC) t o  develop bonded inorganic sol id  lubricant f i l m s  sui table  f o r  use i n  
air and outer space environments. 
being investigated a t  ambient pressures from normal atmospheric t o  Torr 
and temperatures from 80°F t o  400'F while under l i g h t  loads ( i n  the  range of 
2 - 14 p s i ) .  

In t h i s  program, sol id  lubricant f i l m s  are  

During the first year (February 1961 - March 1962) of the  program,&/ 
an apparatus was designed and built  t o  investigate the f r i c t i o n a l  behavior of 
sol id  lubricant f i l m s  over the required range of environmental conditions. A 
great number of materials were considered for  use as potent ia l  lubricants or  
lubricant f i l m  components, among them noble metals, low melting point metals, 
precious stones, molybdenum disulfide and other inorganic compounds. A large 
number of these materials were selected, formulated in to  composite f i l m s ,  and 
investigated along with many known sol id  lubricant f i lms. Fr ic t ion and wear 
character is t ics  of the f i l m s  investigated were compared with those of a f i l m  
of electroplated gold. This comparison i n  turn  made possible the  judging of 
the re la t ive  performance of the  films. 
were investigated elchibited better performance than electroplated gold f i l m .  
One of these films was selected by NASA f o r  use i n  par t icular  applications and 
was designated MLF-5. 

Five of the sol id  lubricant f i l m s  which 

During the second year (March 1962 - April 1963) of th i s  program,z/ 
increased emphasis was placed on 3irii2er derelepEent studies because of the 
importance of a binder i n  a bonded-type solid lubricant f i l m .  
cate  (Kasil 88) was selected as a base binder material because it adhered be t t e r  
t o  440 Cstainless  s t e e l  than sodium s i l i c a t e ,  and it a lso  was more res i s tan t  t o  
degradation from water. The basic binder material was then modified by the ad- 
d i t i on  of sodium phosphate (Na3PO4), potassium phosphate (K3PO4), sodium borate 
( N ~ ~ B ~ O T ) ,  and sodium fluoride (NaF) i n  varying amounts. The most successful 
method of evaluating binder performance w a s  found t o  be a wear-life t e s t  con- 
s i s t i n g  of s l iding three binder-coated pe l l e t s  over a wear t rack plate  i n  a 
nitrogen-rich atmosphere. 

Potassium s i l i -  

Additional potent ia l  lubricant materials were obtained through a re- 
screening of the IBM printout obtained from the first year 's  work and through 
monitoring the e f fo r t s  of other researchers conducting sol id  lubricant research. 
?.!s.tzriale vhich exhibited f r ic t ion  coefficients l e s s  than 0.22 were selected 
f o r  incorporation in to  composite lubricant films for fur ther  screening. 
included, MoSe2, WSp, WSe2, Bi2Te3, AuTeg, AgCl, A g B r O 3  and B i .  

These 
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A wear-life t e s t e r  was designed and bu i l t  t o  investigate lubricant 
wear-life on pe l l e t s  a t  room temperature and i n  an a i r  atmosphere. 
indicated tha t  the longest wear-life could be obtained from bonded inorganic 
solid lubricant f i l m  when the f i lm was mated with a smooth surface. The end of 
the second year 's  e f fo r t s  was marked by MLF-5 being chosen as the  basis  of 
judging the performance of other developed so l id  lu'oricant f i l m s .  

Early data 

The current year 's  program (April 1963 - May 1964) included additional 
binder development studies.  
tassium s i l i c a t e  modified with K3P04 and NaF are  presented. 
presented from screening runs performed on so l id  lubricant films composed 0:' 
many potent ia l  lubricant materials 
Au/Kasil 88 + NaF) which exhibited f r i c t i o n  character is t ics  very similar t o  
MLF-5 was selected for  wear-life evaluation i n  air. The r e su l t s  of t he  wear- 
l i f e  runs using th i s  f i l m  and MW-5 are presented along with a description of 
the wear-life t e s t e r s .  
investigate the performance of solid lubricant f i l m s  a t  pressures below 10-l' 
Torr i s  described. The proposed design of a multistation vacuum apparatus t o  
evaluate sol id  lubricant films applied t o  a var ie ty  of machine elements i s  
presented. 

The resul ts  of binder screening runs using po- 
Results a re  a l so  

One lubricant f i l m  (Mo+, graphite, 

A n  ultra-high vacuum apparatus designed and b u i l t  t o  

11. BINDm DEVELOFWEZW STUDIES 

A. Requireiiimts for Solid Lubricant Binders 

I n  the formulation of a bonded-type inorganic solid lubricant f i l m ,  
the  binder is  as  important as the lubricant .  
bind the lubricant t o  the surface t o  be lubricated.  A binder usually forms a 
matrix type structure and as  such holds the  lubricant i n  many t i n y  reservoirs.  
I f  the binder i s  eas i ly  fractured or abraded, then a composite lubricant f i l m  
w i l l  wear rapidly and the full benefit of the lubricant w i l l  not be real ized.  

The function of a binder i s  t o  

The over-all objectives of the binder development studies are t o  de- 
velop binders t ha t  are: 

1. Wear-resistant, 

2 .  Cnnpatible with selected lubricants,  

L 

3. Highly res i s tan t  t o  damage from water, rocket fuels,  oxidizers 
and the ea r th ' s  atmosphere, 
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4. Capable of' bonding t igh t ly  t o  the substrate surface, and 

5. Able t o  cure a t  a moderate temperature. 

When binder curing temperatures are too high, the mechanical proper- 
t i e s  of the  substrates are s ignif icant ly  reduced or impaired. 

"he lubricant binder systems being developed must withstand the en- 
vironment of 70' t o  400°F i n  an a i r  atmosphere and a t  ambient pressures t o  
Torr or l e s s .  They must a lso remain s table  over the range of temperature and 
humidity exis t ing i n  the ear th ' s  atmosphere. To meet these requirements, vari-  
ous modified glazes have been formulated. The problem of formulation was s i m i -  
lar t o  preparing porcelain enamel for  metals, or glazes f o r  ceramic surfaces. 
However, the binder materials for  lubricant f i l m s  must cure a t  temperatures much 
lower than those required fo r  enamels or glazes. 

B. Selection of Materials and Binder Formulation 

F'resent binder materials under consideration are  based on the amor- 
phous or glassy character of certain s i l i ca t e s ,  borates and phosphates. The 
amorphous nature of these materials r e su l t s  from the formation of long poly- 
meric chains of the central  atom with oxygen, which gives good adhesion t o  sub- 
s t r a t e  materials while forming thin continuous f i l m s .  

In  a review of t5e literature on sol id  lubricant f i l m s ,  the use of 
sodium s i l i c a t e  as a binder was frequently encountered but little m s t T n n  of 
potassium s i l i c a t e  was found. Both potassium s i l i c a t e  and sodium s i l i c a t e  have 
similar characterist ics;  however, sodium s i l i c a t e  tends t o  f r o s t  or effloresce 
when exposed t o  moist a i r .  Dried f i l m s  of potassium s i l i c a t e  have a much l e s s  
tendency t o  effloresce on exposure t o  moist a i r ,  therefore, potassium s i l i c a t e  
was selected for investigation as a solid lubricant binder. 

The addition of a lka l i  ear th  metal or  of alkaline earth metal t o  a 
potassium s i l i c a t e  has improved the adherence of the s i l i c a t e  t o  glass  sub- 
s t r a t e s  and may also improve i ts  adherence t o  metal substrates as well as in- 
crease the f l e x i 3 i l i t y  of a cured f i l m .  
duces the  tendency of a binder t o  crack when it is  stressed. Either improve- 
ment is  expected t o  enhance the properties of a potassium s i l i c a t e  as a sol id  
iubricar;t b i ~ ~ d e r .  

An increase i n  binder f l e x i b i l i t y  re-  

I n i t i a l l y  three potassium s i l i c a t e s  were investigated fo r  use as the 
basic binder material. These three potassium s i l i c a t e s  have the following 
K2O:SiO2 rat ios:  Kasil No. 1, 1:2.5; Kasil No. 88, 1:2.2; and Kasil No. 6 ,  
1:2.1. 
modify with various selected additives. 

Kasil No. 88 was selected as the most sui table  potassium s i l i c a t e  t o  

- 6 -  



Binders were formulated by adding sodium phosphate, potassium phos- 
phate, sodium borate and sodium fluoride - one at a time - i n  varying amounts 
t o  Kasil 88. The s i l i c a t e  solutions were then di luted approximately 3:l with 
water t o  form a solution of 10 t o  15 per cent sol ids .  N e x t  they were sprayed 
on t o  440 C s ta in less  s t e e l  and cured. After curing, the  modified s i l i c a t e s  
were evaluated. 

C . Method of Evaluating Formulated Binders 

Binder materials were evaluated by determining t h e i r  f r i c t i o n  and 
wear character is t ics .  
the binder material used i n  the MLF-5 sol id  lubricant f i l m  (sodium s i l i ca t e ,  
type K ) .  The f r i c t i o n  and wear-life tests of a binder material were made by 
s l id ing  three coated pe l l e t s  over the surface of a f l a t  w e a r  t rack plate  made 
of 440 C s ta in less  s t e e l .  
holder and coated with binder material t o  a thickness of approximately 0.001 
in .  
of e l ec t r i ca l  contact resistance between the pe l l e t s  and the  p la te  was used t o  
detect  binder f i l m  fa i lure .  
following operating conditions: 

These character is t ics  were then compared with those of 

The three pe l l e t s  were r ig id ly  held i n  a pe l l e t  

The cured binder e lec t r ica l ly  insulates the ends of the  pe l le t s .  The loss 

Binder evaluation runs were conducted under the 

Load - 50 @/contact (2.2 psi ,  projected area) 

Speed - 900 rpm (765 fpm) 

Te~pera+.il-re - 80° to 90°F 

Environmental Atmosphere - nitrogen (at  atmospheric pressure ) 

Wear Track Roughness - 4 - 6 r m s  

Wear Track Hardness - 55 - 59 Rockwell C 

The coefficient of f r ic t ion  between binder material and wear t rack 
p l a t e  was recorded continuously. 
quired f o r  the binder material to  wear away and allow metal-to-metal contact 
between any one of the pe l l e t s  and the wear-track p la te .  
tact  w a s  signaled by the loss of e l e c t r i c a l  contact resistance across the  
binder f i l m .  

Wear-life was considered t o  be the time re- 

Metal-to-metal con- 
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D. Results of Binder Evaluation 

Between March 1962 and April 1963 sodium phosphate (NasPa), potas- 
sium phosphate ( K z P O ~ ) ,  sodium fluoride (NaF), and sodium borate (Na2B407) were 
evaluated for  use as additives t o  potassium s i l i c a t e  (Kasil 88).2/ 
t i o n  was performed on the vacuum f r i c t i o n  apparatus i n  an air atmosphere. 
on the evaluation was performed i n  a nitrogen atmosphere. 
work showed that :  

This evalua- 
Later 

The r e su l t  of t h i s  

1. Longer binder wear-lives were obtained i n  a nitrogen atmosphere 
(rather  than a i r ) ;  

2. Data sca t te r  was generally l e s s  for runs made i n  the nitrogen 
atmosphere; and 

3. The most promising binder found was composed of 90 per cent K a s i l  
88 and 10 per cent Na3PO4. 

During t h i s  report period (April 1963 t o  May 1964) more runs were 
conducted i n  the nitrogen atmosphere with Kasil 88 modified with K3P04 and NaF. 
The resu l t s  of these runs are presented i n  Table I ( i n  the Appendix). 
the  potassium s i l i c a t e  additives investigated during the past two years 
(NagPO4, K3FQ4, NaF, and NqB407) NaF was found t o  be the most effect ive.  

O f  a l l  

The wear-life of sodium s i l i c a t e  (type K)  was found t o  be approxi- 
mately 2 min/O.OOOl i n  of binder f i l m  thickness. 
fo.wid t o  5e qpmxiEs te ly  3 min/0,0001 i n .  The wear-life of Kasil 88 modified 
with NaF (60 per cent Kasil 88 and 40 per cent NaF) was found t o  be as long as 
104 min/O.OOOl in .  On t h i s  basis of comparison, the Kasil 88 f NaF binder ex- 
hibited a wear-life 35 times longer than Kasil 88 and 52 times longer than 
sodium s i l i c a t e .  No significant interpretat ion could be made f o r  the observed 
f r i c t i o n  character is t ics  of the binders. 

The wear-life of K a s i l  88 was 

The r e su l t s  of the runs presented i n  Table I ( i n  Appendix) indicate 
t h a t  the optimum concentration of NaF i s  somewhere between 35 and 55 per cent. 
The data a lso show tha t  the exact concentration of NaF i s  not c r i t i c a l ;  long 
binder wear-lives (greater than 40 min/O.OOOl i n .  of binder thickness) were 
obtained over a wide range of concentration. When long binder wear-life was 
encountered only one run per day could be made. I n  many cases runs were 
terminated before the binder wore through t o  the substrate, because we were 
looking for  the point a t  which the W a F  no longer prolonged wear-life. 
basis of the data presented i n  Table I, an inspection of the binder a f t e r  each 
run, and observations made during these runs, it appeared tha t  a drop i n  wear- 
l i f e  was encountered at  a concentration of approximately 55 per cent.  

On the 
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The optimum concentration of NaF could be determined by conducting 
many additional runs, but we believe tha t  it i s  not warranted because of the 
uncertainty of wear-life carry-over t o  formulated sol id  lubricant f i l m s .  
long wear-life was obtained with several Kasil 88 and NaF binder formulations 
the binder development studies were halted and the evaluation of these binders 
i n  s o l i d  lubricant f i l m  formulations was s ta r ted .  

Since 

The binder formulation of 60 per cent Kasil 88 and 40 per cent NaF 
was selected fo r  incorporating into sol id  lubricant f i l m s  f o r  fur ther  investi-  
gation. 
marily on observations made during the binder evaluation runs. 
substi tuted f o r  sodium s i l i c a t e  in the MLF-5 sol id  lubricant f i l m  formulation, 
and f r i c t i o n  and wear characterist ics were determined f o r  the resul t ing f i l m .  
The r e su l t s  of t h i s  evaluation are discussed i n  Sections I11 and I V .  

The selection of t h i s  binder formulation over others were based pr i -  
This binder w a s  

111. FILM FORMULATION, AND INVESTIGATION OF FRICTIONAL BEEAVIOR 

The objectives of the work discussed i n  t h i s  section are  t o  formulate 
new films, perform screening runs t o  determine f r i c t iona l  character is t ics  over 
the temperature range of 80" t o  400'F and, when warranted, investigate more 
thoroughly the f i l m ' s  f r ic t iona l  behavior i n  a i r  and vacuum a t  BO", 250' and 
400°F. It was established a t  the beginning of t h i s  year 's  program, that the 
selection of potent ia l  lubricants and subsequent judgment of t h e i r  performance 
w i l l  depend on a comparisor, of the i r  f r i c t iona l  and w e a r  character is t ics  t o  
those of MLF-5 solid lubricant film. 3% give a qimtitstiv~ value t o  the f r i c -  
t i o n  character is t ics  of MLF-5, five screening runs were conducted on the vacuum 
f r i c t i o n  apparatus with the MLF-5 f i l m .  The screening runs were made at  a load 
of 50 fm/contact, 900 rpm and over a wear t rack temperature range of 80" t o  
400°F. 
min. then increased t o  400°F a t  5'F/min during the next 60 min. and f i n a l l y  held 
a t  400°F for  the l a s t  30 min. 
presented i n  Table I1 ( i n  the Appendix). 
coefficients from Table I1 have been plotted and are  presented i n  Fig. 1. 

The wear t rack temperature w a s  maintained a t  80'F during the f i r s t  30 

The r e su l t s  of these MLF-5 screening runs are  
The high and low observed f r i c t i o n  

Screening runs were performed on the vacuum f r i c t i o n  apparatus shown 

Only the ends of the 1/4 i n .  diameter x 1/4 
i n  Fig. 2 .  In  t h i s  apparatus a th ree -pe l l e t  and wear t rack p la te  specimen con- 
f igurat ion (see Fig. 3) was used. 
i n .  long s ta in less  s t e e l  pellets were coated. The pe l l e t s  were r ig id ly  mounted 
i n  a pel le t  li&ikr. ?.4easq;rementr.s of the torque required t o  s l i de  the coated 
pe l l e t s  over the 440 C stainless s t e e l  wear plate  were taken while the tempera- 
t u re  was increased from ambient t o  400°F at the r a t e  of 10"F/min. The f r i c -  
t i ona l  torque w a s  picked up from a transducer and the signal sent through an 
amplifier t o  a s t r i p  chart recorder. 
torque curve for  each screening run. 
coeff ic ients  were recorded af te r  run-in. 

The recorder then provided a f r i c t iona l  
From each curve the high and low f r i c t i o n  
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A large number of films were formulated usicg molybdenum diselenide 
(MoSeg), tungsten disulfide (E$) and tungsten diselenide (WSe2). 
t e n t i a l  lubricant materials were combined individually with the  binder sodium 
s i l i c a t e .  The three potential  lubricant materials, MoSe2, WS2 and WSe2, were 
a l so  investigated as  replacements for  MoS2 i n  the MLF-5 f i l m  formulation. 
resu l t s  of these screening runs are presented i n  Table I11 and indicate that 
these f i l m s  do not warrant further investigation and t h a t  neither MoSe2, WS2, 
nor WSe2 exhibit  lower f r i c t i o n  character is t ics  than MoS2 i n  the MLF-5 formula-' 
t i on .  However, these potent ia l  lubricant materials w i l l  be considered and 
evaluated i n  other films and as additives t o  MLF-5. 

These po- 

The 

Si lver  bromate (AgBrO3) was a l so  formulated with sodium s i l i c a t e  and 
screened fo r  use as a potent ia l  lubricant material. 
t o  be too abrasive t o  warrant further investigation. 

This material was judged 

Bismuth t e l lu r ide  (Bi2Te3) was substi tuted fo r  gold i n  the MU-5 
formulation and screened. The observed f r i c t i o n  character is t ics  were very 
s i m i l a r  t o  MLF-5. This f i l m  should be formulated with d i f fe ren t  amounts of 
bismuth t e l lu r ide  and screened t o  see if lower f r i c t i o n  character is t ics  can be 
obtained. 
t i o n  may then be selected for  f r ic t iona l  behavior investigation runs. 

When these screening runs a re  completed, the most favorable formula- 

Bismuth powder was substituted fo r  gold i n  the MLF-5 formulation i n  
different  amounts and screened i n  air .  
lubricant-to-binder r a t i o  produced the lowest f r i c t i o n  character is t ics  and 
warrants fur ther  f r i c t i o n a l  behavior investigation. 

The formulation with the 10:1:1/7 

The lubricant materials, MoS2, graphite, and Au, and the developed 
binder material, Kasil 88 t. NaF, were formulated i n  d i f fe ren t  lubricant-to- 
binder r a t io s .  
f r i c t i o n  character is t ics  and was selected f o r  fur ther  investigation. The re- 
s u l t s  of f r i c t iona l  behavior runs with t h i s  f i l m  and the MLF-5 f i l m  are pre- 
sented i n  Table I V .  Fr ic t ional  behavior runs were conducted under the same 
s l id ing  configuration, load, speed, and wear t rack conditions as the  screening 
runs. Sixty-minute runs were made a t  three d i f fe ren t  temperature levels  (80°, 
250°, and 400°F) i n  a i r  and vacuum environments. The r e su l t s  of t he  f r i c t i o n a l  
behavior runs show tha t  the  f r i c t ion  character is t ics  of t h i s  f i l m  are very 
similar t o  the MLF-5 f i l m .  The wear-life of t h i s  f i l m  i s  discussed i n  the next 
section. 

The f i l m  with the 10:1:5/7 r a t i o  zppeared t o  have the best  

IV .  KEAi?-LIFE INVESTIGATION 

The objectives of the wear-life investigation work include: 

- 13 - 



1. The accumulation of "baseline'l wear-life data on the  MLF-5 
lubricant f i l m  which can be used as the  basis f o r  judging the performance of 
other developed lubricant films. 

2 .  The determination of the effects  of mating surface roughness and 
hardness on the f r i c t i o n  and wear-life of MLF-5 and other developed lubricant 
films . 

3. The providing of useful wear-life information t o  aid designers i n  
deciding whether or not MLF-5 (or other developed lubricant f i l m )  might be con- 
sidered f o r  par t icular  applications. 

A three-pellet  wear track plate s l id ing  configuration as shown i n  
Fig. 3 w a s  used i n  t h i s  investigation. 
away the lubricant applied t o  the ends of the pe l l e t s .  
l i f e  runs are presented i n  Tables V and V I  ( i n  Appendix). 

Wear-life i s  the t i m e  required t o  wear 
The r e su l t s  of 44 wear- 

The wear-life runs were performed on the wear-life pe l l e t  apparatus 
shown i n  Fig. 4. The lubricant f i l m  w a s  applied only t o  the f la t  ends of the  
three pe l l e t s  which were r ig id ly  mounted i n  the  pe l l e t  holder. 
holder was driven at  900 rpm (765 fpm) and loaded t o  300 gm/contact (13.5 p s i  
projected area) .  The 440 C s ta inless  steel wear tracks plate  was hardened t o  
55-59 Rockwell C and the surface roughness was 4 - 6 rms. 
ducted i n  the laboratory air atmosphere. 

The pe l l e t  

All 44 runs were con- 

The wear-life apparatus consists of a t e s t e r  and a control un i t  (see 
The control unit  to ta l izes  the elapsed running time ( i n  hours of wear- Fig. 4 ) .  

l i f e ) ,  and shuts off the t e s t e r  when the high f r i c t i o n  shut-off switch on the 
t e s t e r  i s  actuated. 
drives a spindle through an O-ring b e l t  and pulley arrangement a t  900 rpm. The 
drive spindle i s  supported by two flanged b a l l  bearings (1/4 i n .  bore x 1/2 in .  
O.D.). 
two ve r t i ca l  grooves i n  the hole a t  the center of the pe l l e t  holder. 
transmitted from the spindle t o  the p e l l e t  holder through t h i s  r o l l  pin. 
pe l l e t  holder i s  the same type as t h a t  used on the vacuum f r i c t i o n  apparatus 
and contains three r ig id ly  held 440 C s ta in less  s t e e l  pe l le t s .  Rotation of the 
drive spindle causes the three pe l le t s  mounted on the pe l l e t  holder t o  s l i de  on 
the  wear t rack plate  (similar t o  t h a t  used on the vacuum f r i c t i o n  apparatus). 
The wear t rack plate  i s  held i n  posit ion on top of a turntable by two 1/4 i n .  
diameter pins which f i t  holes i n  the wear t rack p la te .  
r ~ t z t e  because it is s q p r t e d  from the base of the t e s t e r  by a f u l l  compliment 
torque-tube type a i r c ra f t  b a l l  bearing (2-5/16 in .  bore x 2-7/8 in .  O.D.). Ro- 
t a t i o n  of the turntable i s  limited by a three-pin arrangement; one on the turn- 
tab le  and two on the  t e s t e r  base. The pin on the turntable and one on the base 
serves as contacts for  a high f r i c t ion  shut-off switch. 
res i s ted  by a calibrated tension spring located inside of the spring housing. 

I n  the tester (Fig. S ) ,  an 1,800 rpm synchronous motor 

A small r o l l  pin is  positioned a t  the top of the spindle which engages 
Power i s  

The 

The turntable is f ree  t o  

Turntable ro ta t ion  i s  
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It is  attached t o  the turntable with a t h i n  brass s t r i p .  
brated with a dead weight; a pulley i s  provided on the t e s t e r  base t o  a id  i n  
spring calibration. 
determined f r i c t iona l  torque (caused by the pe l l e t s  rubbing against the wear 
t rack)  must be reached before the spring is extended far enough t o  allow the 
high f r i c t ion  cut-off switch t o  actuate and thus s ignal  the control uni t  t o  shut 
down the t e s t e r .  

This spring is  ca l i -  

The spring i s  pre-loaded within the housing so t h a t  a pre- 

In  some cases wear-life runs have las ted fo r  nearly nine days. I n  
order t ha t  the required data could be collected, s i x  additional wear-life t e s t e r s  
were fabricated and assembled. One of these t e s t e r s  was sent t o  the Marshall 
Space Flight Center for  use i n  wear-life studies a t  t h a t  f a c i l i t y .  The completed 
t e s t e r s  along with t h e i r  control units are shown i n  Fig. 6. 
a special  bench top setup which allows the runs t o  be made e i ther  i n  a i r  o r  a 
controlled atmosphere. 
p l a s t i c  chamber which may be clamped down over a t e s t e r  and sealed. 
piping under the bench top allow a controlled flow of an ine r t  gas t o  be sup- 
plied t o  each s ta t ion .  
constant (approximately 70'F) with a small heat exchanger attached t o  the drive 
motor. 

They are  mounted on 

Each station on the  bench top i s  equipped with a c lear  
Valves and 

The temperature i n  the p l a s t i c  enclosure i s  kept 

The r e su l t s  of 30 wear-life runs with MLF-5 conducted i n  air  show t h a t  
the average wear-life is  43.5 hr .  (see Table V i n  the Appendix). 
with 95 per cent confidence is  between 32.4 and 58.4 hr. 
wear-life runs with the modified MLF-5 f i l m  (MoS2 + graphite + Au/Kasil 88 + 
NaF) show t h a t  the  average wear-life i s  66.5 h r .  (see Table V I  i n  the Appendix). 
The wear-life with 95 per cent confidence is  between 43.2 and 103.3 h r .  A re- 
view of the r e su l t s  of a l l  the  wear-life runs conducted i n  the  air  atmosphere, 
shows tha t  the f i l m  with the developed binder material (Kasil 88 + NaF) pro- 
vided a 50 per cent greater average wear-life than MLF-5. 
offers the additional advantage o f  providing be t te r  protection against damage 
f r o m  moisture than the binder now used i n  MLF-5 (sodium s i l i c a t e ) .  

The wear-life 
The r e su l t s  of 14 

This binder material 

I n  the binder development studies,  wear-life of Kasil 88 i- NaF was 
much be t te r  i n  a nitrogen than i n  an a i r  atmosphere. 
f i l m  formulated with the Kasil 88 + NaF binder may a l so  wear longer i n  a 
nitrogen than i n  an air  atmosphere. 

It is  reasoned that a 
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V. SPECIAL SOLID LUBRICANT FILM APPLICATION ACTIVITIES 

During t h i s  report period (23 April 1963 - 22 May 1964) several  
miscellaneous par t s  were coated with bonded sol id  lubricant f i l m s  fo r  evalua- 
t i o n  and use at  NASA, Marshall Space Flight Center and other concerns (see 
Table VII). 
t o  a cer ta in  thickness, and many times only on specif ic  areas. 
coating these par t s  with solid lubricant f i l m  had t o  be worked out f o r  each 
different  item. 
t o  shield surfaces which were not t o  be coated. 

In  nearly a l l  cases the so l id  lubricant (MLF-5) must be sprayed 
Techniques f o r  

When overspray was not permitted, j i g s  and f ix tures  were made 

The compatibility of MLF-5 and a commercially available sol id  lubri-  
cant f i l m  (specified by MSFY!) with RP-1 rocket f u e l  was investigated during 
t h i s  period. 
t o  the pe l l e t  end. The fue l  was then allowed t o  soak in to  the lubricant fo r  
30 min. before tes t ing .  The evaluation consisted of running the contaminated 
lubricant f o r  1 hr .  a t  room temperature, the temperature of the t rack  w a s  then 
increased a t  a r a t e  of approximately 5"F/min u n t i l  a temperature of 400°F w a s  
reached ( t h i s  occurred a f t e r  2 hr .  t o t a l  running time). The 400°F temperature 
was maintained fo r  30 min. and the t rack heater was shut of f .  The test  w a s  run 
f o r  an additional 30 min. during which time the t rack temperature cooled t o  ap- 
proximately 150'F. 
out the 3 h r .  t e s t  and the ranges of coeff ic ients  obtained are presented i n  
Table V I I I .  The r e su l t s  indicated t h a t  both films were not dissolved o r  
softened by RP-1 and t h a t  the films retained their  l ub r i c i ty  a f t e r  contamina- 
t i on .  

The lubricants were contaminated by applying one drop of the f u e l  

The f r i c t ion  coefficient was  recorded continually through- 

Data were received from the  Marshall Space Flight Center on high load 
t e s t s  w i t h  the MLF-5 lubricant film. I n  these t e s t s  a s l i de r  block w a s  s l i d  
back and for th  between two f l a t  plates  as shown i n  Fig. 7 .  
a contact area of 0.59 sq. in . ,  was made of 440 C s ta in less  s t e e l  and the p la tes  
were made of 4340 s tee l ;  both were hardened t o  58-59 Rockwell C.  

The s l ider ,  having 

Tests with both the s l ider  and plates  coated with MLF-5 were run i n  
Loads were applied i n  10,000 ps i  increments and the a i r  a t  room temperature. 

s l i d e r  was driven i n  an oscil latory motion (21/2 i n .  ) . 
each load was 5 i n .  Fr ic t ion coefficients fo r  loads up t o  150,000 p s i  fo r  two 
t e s t s  are presented i n  Fig. 8 .  A t  the end of each t e s t  the f i l m  had a highly 
polished metallic l u s t e r  and was s t i l l  i n t ac t .  
f i c i e ~ t s  given i n  t h i s  graph -~ include motion i n  both directions and range from 
0.045 t o  0.14. 
i n  Fig. 8. 

The t o t a l  t r ave l  a t  

The kinetic f r i c t i o n  coef- 

The tendency for the f r i c t i o n  t o  decrease with load may be seen 
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V I .  ULTRA-HIGH VACUUM APPARATUS 

An ultra-high vacuum apparatus was designed and bu i l t  t o  investigate 
the f r i c t iona l  behavior of solid lubricant films applied t o  machine elements a t  
ambient temperatures of 70' t o  90°F and pressures below Torr. The com- 
p le te  apparatus (shown i n  Fig. 9) consists of a t e s t  chamber, three ball-type 
cold traps,  two mercury diffusion pumps, a mechanical forepump, and associated 
instrumentation a l l  housed i n  a three-section modular console. 

One-piece glass  construction of the ultra-high vacuum system (shown 
A t  i n  Fig. 10) was chosen because of the low outgassing properties of glass .  

the top  of the glass  structure a s ta inless  s t e e l  flange (4-1/2 in .  O.D. x 2-1/2 
i n .  I.D.) is  connected t o  70 mm. diameter glass  tubulation through a graded 
sea l  and provides easy access t o  the t e s t  chamber. 
i s  located immediately below the flange. The test  chamber pressure i s  measured 
w i t h  a cold cathode magnetron gauge (which indicates pressures between and 

Torr, NRC 752 Redhead) attached t o  the t e s t  chamber. Three ball-type cold 
traps,  jus t  below the t e s t  chamber, prevents mercury or other condensibles from 
reaching the t e s t  chamber from t h e  primary diffusion pump. (The vapor pressure 
of mercury a t  l iquid Ng temperature i s  l e s s  than 
t raps  a re  i n  the upper l iquid nitrogen cooled dewar and the other t r a p  i s  i n  the 
lower dewar. 
PUP 

A one-l i ter  t e s t  chamber 

Torr.) Two of the cold 

The dewar vacuum i s  maintained by a separate mechanical vacuum 

The primary vacuum pump, connected ju s t  below the lowest cold t rap ,  
i s  a three-stage, mercury vapor diffusion pump which has a pumping r a t e  of 
80 l i te rs / sec .  It i s  joined i n  series t o  a secondary, two-stage mercury vapor 
diffusion pump which has a pumping r a t e  of 28 l i t e rs / sec .  The mercury boi le rs  
of both pumps a re  connected by a small glass  tubulation t o  prevent t ransfer  of 
mercury from the primary pump t o  the secondary pump during bakeout of the sys- 
tem. 

A standard McLeod gauge i s  connected t o  the system between the two 
mercury pumps. This gauge i s  used during the bakeout cycle t o  measure the pres- 
sure i n  the system from 10 t o  loe5 Torr. The exhaust side of the secondary d i f -  
fusion pump i s  connected t o  the intake of a mechanical forepump through a molec- 
u l a r  sieve t rap.  
trapped by t h i s  molecular sieve trap. 

Backstreaming o i l  vapor from the mechanical forepump i s  
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Fig. 9 - Ultra-High Vacuum Apparatus 
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Fig. 10 - One-Piece Glass Assembly - Ultra-High Vacuum System 
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To a t t a i n  pressures below 10-10 Torr a l l  surfaces within the  ultra- 
high vacuum system must be thoroughly cleaned and outgassed. Outgassing is 
accelerated by baking the system at temperatures over 400°C. Seven specially 
fabricated heating mantles are used to bake the t e s t  chamber, cold t raps ,  mag- 
netron gauge, top stage of the primary diffusion pump, and a l l  interconnecting 
glass  tubulations. 
heated t o  480°C during the bakeout while the Kovar-to-glass s e a l  and remaining 
glassware a re  heated t o  approximtely 425°C. The r a t e  a t  which the temperature 
of the system may be increased i s  governed by the pressure. That is, the bake- 
out temperature may be increased (above room temperature) as long as  the  system 
pressure (measured by the McLeod gauge) remains below 

The metal flange sealing the t e s t  chamber i s  ult imately 

Torr. 

A t  the  end of the bakeout cycle the primary diffusion pump i s  s ta r ted  
The r e s t  of the system is  and l iquid nitrogen is  added t o  the lower cold t r ap .  

maintained a t  the peak bakeout temperature about 30 min. longer t o  allow the 
mercury vapor i n  the t e s t  chamber and upper system t o  condense i n  the lower cold 
t rap .  
l iquid nitrogen t o  the upper cold t r ap .  
ing from the s t e e l  flange) from condensing on the walls of the ugper cold t r a p  
and later redesorbing when the level of l iquid nitrogen drops. The ultimate 
pressure i n  the system may be reached short ly  a f t e r  l iquid nitrogen has been 
added t o  the upper cold t raps  and the  temperature i n  the t e s t  chamber been a l -  
lowed t o  reach thermal equilibrium at  room temperature. 

The top flange is  then allowed t o  cool t o  room temperature before adding 
This procedure prevents gases (desorb- 

To date, the apparatus has demonstrated the capabili ty of maintaining 
a pressure of 6 t o  8 x 10-13 Torr (indicated by the Redhead gauge) over a 4-hr . 
period and has also exhibited an ultimate pressure of 1.6 x 
low pressures (1.6 x 10m13 Torr) can be achieved With a metal flange i n  the  
system, work w i l l  proceed toward conducting a sol id  lubricant experiment i n  t h i s  
vacuum system. The first experiment or setup w i l l  include a s e t  of unlubricated 
R-4 s ize  bearings (1/4 i n .  bore x 5/8 in .  O.D.). 
spindle, drive, and instrumentation i s  i n  progress and is  being coordinated with 
MSFC so that results obtained here may be compared t o  those obtained a t  MSFC a t  
higher pressures. In  the first ser ies  of experiments, it i s  planned t o  apply a 
3-lb. th rus t  load on the bearings and drive a t  1,800 rpm with no heat applied 
t o  the t e s t  chamber. 
periodically throughout the wear-life of the lubricant.  

Torr. Since 

The designing of the t e s t  

Bearing f r i c t ion  (from two bearings) w i l l  be measured 

V I I .  MULTISTATION VACUUM FRICTION AND WEAR APPARATUS 
PRELIMINARY DESIGN -- 

A t  present, the time required for  a mission of space vehicles may 
range from a few hours t o  months; much longer missions are  contemplated. If 
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lubricants are  t o  be developed t o  meet projected mission requirements then long 
term tes t ing  i s  needed t o  evaluate potent ia l  lubricants .  Information gained i n  
long term t e s t s  i s  valuable i n  lubricant development and a l so  provides a basis 
f o r  judging whether or not a lubricant should be considered f o r  a par t icular  ap- 
pl icat ion.  
s a t i s fy  the need for  t e s t ing  solid lubricants.  
outlined i n  Table IX. 

Requirements have been established f o r  an apparatus which should 
Many of these requirements are  

Lubricant applied t o  l igh t ly  loaded bearings is expected t o  have a 
long wear-life, perhaps several months. 
have short wear-lives. The prospect of long term t e s t s  and the need for  both 
l i gh t  and heavy load capabi l i t ies  indicates t h a t  a multistation system is  re- 
quired. 
bearings over a broad range of load, speed and temperature suggests t ha t  
several  types of t e s t  chambers and f ix tures  a re  needed. 

Heavily loaded bearings w i l l  probably 

The prospect of evaluating lubricant wear-lives on three types of 

Based on the tabulated requirements and the  considerations l is ted 
above,the preliminary design of a multistation system has been worked out.  
system design consists of eight pumping s ta t ions mounted on a tab le  f o r  easy 
access. Instrumentation and controls are mounted i n  a f r ee  standing console. 
A bakeout oven and auxi l iary pumping unit i s  a l so  provided. 

This 

Since long term operation is contemplated it i s  proposed t o  use a 
getter-ion type vacuum pump. A further advantage of using such a pump is  the 
absence of o i l  type contaminants that m i g h t  a f fec t  f r i c t i o n  and wear behavior 
of sol id  lubricants.  I n  a pumped down condition very l i t t l e  power i s  required 
t o  sustain the operation of t h i s  type of pump. 
pumps allows a small automatic standby power uni t  t o  supply the power required 
t o  keep all the s ta t ions  operating during commercial power interruptions.  Re- 
l i a b l e  large power networks are  expected t o  have several  interruptions each 
year with one of these interruptions lasting for  an hour or more. 

This property of the getter-ion 

A sketch of one s ta t ion is  shown i n  Fig. 11. In  t h i s  s ta t ion  a 15 
l i t e r / s ec  water cooled getter-ion vacuum pump i s  connected t o  a 1-1/2-in. t e e .  
One out le t  of the t e e  i s  connected t o  a 1/2-in. bleed valve. 
t o  the t ee  has a 2-1/2 in .  flange which i s  connected t o  a t e s t  chamber. 

The l a s t  ou t le t  

Several t e s t  chambers and t e s t  f ix tures  a re  required i f  the system i s  

The 
t o  accommodate a l l  types of bearings and t e s t s  a re  t o  be run over the  desired 
conditions. Onlyone t e s t  chamber ( for  instrument b a l l  bearings) is shown. 
same bearing housing should also accommodate journal bearings. 
ings w i l l  be subjected t o  a thrust  loaded ( m a x i m u m  of 3 l b  . ) with a spring 
positioned on the shaf t  between the two test  bearings. 
through a th in  302 s ta inless  s tee l  housing with a magnetic coupling. 
torque on the bearings w i l l  be measured and used t o  detect  sol id  lubricant f i l m  

The b a l l  bear- 

The spindle i s  driven 
Frict ional  
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f a i lu re .  
t o  each t e s t  chamber fo r  sensing chamber pressure. 
ing elements positioned on the bearing housing w i l l  provide a means of heating 
the t e s t  bearings t o  the desired temperature between room temperature and 
1000'F. 
(-320'F). 
heating element) fo r  t h i s  purpose. 

A Bayard-Alpert type hot cathode ionization vacuum gauge i s  connected 
Elec t r ica l  resistance heat- 

Provisions are  a lso made t o  cool these bearings with l iquid nitrogen 
Cooling co i l s  are positioned on the bearing housing (next t o  the 

If desired, an or i f ice  type opening can be positioned between the  end 
of the drive spindle and the vacuum system t o  l i m i t  the  conductance from the 
t e s t  chamber. Such an arrangement permits the  conductance of specif ic  bearing 
setups t o  be simulated. 

The s ta t ions of t h i s  apparatus w i l l  not be connected mechanically, but 
Two power they w i l l  be interconnected e lec t r ica l ly  (power and instrumentation) . 

supplies for  the getter-ion pump, a s t a r t e r  and a sustainer w i l l  be used. The 
s t a r t e r  power supply i s  water cooled. 
uni t  will be used f o r  a l l  vacuum gauges which are connected t o  each t e s t  cham- 
ber.  

One power supply and measuring c i r cu i t  

In oFeration two solid-lubricated bearings are instal led on the  shaft 
i n  the t e s t  chamber. The t e s t  chamber i s  bolted i n  posit ion on the s ta t ion .  
An auxi l iary vacuum system i s  connected t o  the out le t  of the bleed valve. This 
auxi l iary pumping unit i s  mounted on an equipment car t  and consists of a fore- 
pump, a 2-in. o i l  diffusion pump, and a l iquid nitrogen cold t rap .  The bleed 
valve i s  opened and i f  desired the en t i r e  system i s  baked. An oven capable of 
operation t o  4OO0C may be lowered over each s t a t ion  fo r  the bakeout operation. 
After baking, the getter-ion pump i s  turned on and the bleed valve i s  closed. 
The bearings are  brought t o  the desired temperature and speed and a t e s t  is  
under way. The t e s t  chamber pressure and bearing speed, temperature, and f r i c -  
t i o n  are sensed and recorded periodically. 

~ 

V I I I .  mpmmE WORK 

Based on the solid film lubricant research work conducted during the 
past  three years, we recommend that the following work be performed. 

1. Solid lubricant films using current lubricant materials (MoS2, 
graphite, gold, bismuth, e t c  . j and iiew or de~e lnped  binder materials (aluminum 
phosphate) should be formulated and evaluated. 

2. Solid lubricant films using new potent ia l  lubricant materials and 
established binder materials (sodium s i l i c a t e  and potassium s i l i c a t e )  should be 
formulated and evaluated. 

I 
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3. Frict ional  behavior investigation runs on f i l m s  exhibit ing be t t e r  
f r i c t i o n  character is t ics  during screening runs than those of MLF-5 under es- 
tablished t e s t  conditions should be conducted. 

4 .  Wear-life runs with developed lubricant f i l m s  using the  wear-life 
t e s t e r s  operating under established t e s t  conditions (including a dry nitrogen 
environmental atmosphere ) should be conducted. 

5. The bearing t e s t  chamber and associated hardware t o  be used with 
the ultra-high vacuum apparatus should be designed and fabricated.  

6. Friction and wear-life evaluation runs with developed lubricant 
films applied t o  b a l l  bearings (R4 ser ies )  should be conducted i n  vacuum en- 
vironments below Torr. 

7 .  W - 5  or other developed lubricant f i l m s  which exhibit  be t t e r  
f r i c t i o n  and wear characterist ics than W - 5  should be applied t o  selected t e s t  
specimens and forwarded t o  the Marshall Space Flight Center or  other NASA speci- 
f i ed  concerns f o r  additional evaluation when requested. 

8 .  The f eas ib i l i t y  of automating the application techniques of MLF'-5 
and similar f i l m s  t o  machine elements using external mix type air  gun and/or 
l iquid e lec t ros ta t ic  spray techniques should be determined. 

9. Guide l ines  fo r  quality control procedures, tolerances, and coat- 
i n g  specifications applicable t o  developed solid lubricant films should be es- 
tablished. 
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TABLE I 

I 

FRICTION AND k U - L I J 3 3  RESULTS FROM KASIL 88 
BINDER SCREENING RUNS 

Load - 2.2 psi (projected area) 
Wear track material - 440 C stainless steel 
Wear track hardness - 55 to 59 Rockwell C 
Wear track temperature - 80°F (no heat) 
Wear track roughness - 4 to 6 rms 

Speed - 765 fpm 

Environmental Atmosphere - Nitrogen 
Thickness Friction 

(in.) Coefficient 

0.00120 
3.00125 
0.00125 
0.00130 
0.00100 
0.00100 
0 .00130 
0.00110 
0.00100 
0.00085 
0.00120 
0 .00115 
0.00100 
0.00095 
0.00140 
0.00120 
0.00120 
0.00100 
0.00130 
0.00140 
0.00090 
0.00065 
0.00070 
0.00100 
0.00110 
0.00120 
0.00110 
0.00100 
0.00105 

0.55 - 0.6+ 
0.55 - 0.W 
0.55 - 0.6+ 
0.55 - 0 . e  
0.32 - 0.6i 
0.50 - 0.6+ 
0.18 - 0.6+ 
0.30 - 0.64 
0.40 - 0 . e  
0 . e  - 0.6+ 
0.27 - 0.6+ 
0.34 - 0.6+ 
0.6+ - 0.6+ 
0.6+ - 0.6+ 
0.36 - 0.6+ 
0.30 - 0.6+ 
0.6+ 
0.33 - 0.6+ 
0.36 - 0.6+ 
0.42 - 0.6+ 
0.55+ - 0.6+ 
0.55+ - 0.64 
0.48 - 0.6 
0.37 - 0.40 
0.40 - 0.6+ 
0.40 - 0.6+ 
0.33 - 0.6+ 
0.35 - 0.6+ 
0.6+ - 0.6+ 

Wear-Lif e 
Min . (piin/in x 104) - 
4 
1 
s 
5 
26 
28 
57 
28 
14 
4 
25 
88 
3 
4 
20 
26 
7 
11 
7 
14 
9 
5 
21 
10 
29 
17 
23 
56 

loo* 
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Additive- 
$ b y  

NaF -12.1 
NaF -17.1 
NaF -17.1 
NaF -21.6 
NaF -21.6 
NaF -21.6 
NaF -21.6 
NaF -21.6 
NaF -25.6 
NaF -25.6 
NaF -25.6 
NaF -25.6 
NaF -25.6 

NaF -29.2 

NaF -29.2 

NaF -32.6 

NaF -32.6 

NaF -35.5 
NaF -35.5 

NaF -35.5 

NaF -35.5 
NaF -38.2 

NaF -25.6 

NaF -29.2 

NaF -29.2 

NaF -32.6 

NaF -32.6 

N U  -35.5 

NaF -35.5 

NaF -38.2 
NaF -38.2 
NaF -38.2 

ITaF -40.8 
NaF -40.8 

N a F  -38.2 

NaF -45.0 
NaF -45.0 
I?aF -45.0 
NaF -50.9 
NaF -50.9 

Thickne s s 
( in . )  

0.00120 
0.00080 
0.00120 
0.00130 
0 ,00115 
0.00110 
0 .00100 
0.00130 
0.00100 
0 .00120 
0.00120 
0 .00100 
0.00100 
0.00140 
0.00105 
0.00100 
0.00100 
0.00125 
0.00110 
0.00100 
0.00120 
0.00125 
0.00120 
0.00125 
0.00140 
0.00120 
0.00110 
0.00110 
0.00130 
0.00100 
0.00130 
0.00075 
0.00140 
0.00075 
0.00100 
0.00095 
0.00093 
0.00087 
0.00100 
0.00082 

Friction 
Coefficient 

TABLE I (Continued) 

- 33 - 

0.38 - 0.6+ 
0.6+ - 0.6+ 
0.6+ - 0.6+ 
0.6+ - 0.6+ 
0.6+ - 0 . e  
0.38 - 0.6+ 
0.6+ - 0.W 
0.29 - 0.39 
0.45 - 0.6+ 
0.40 - 0 . e  
0.45 - 0 . e  
0.35 - 0 . G  
0.40 - 0.6+ 
0.50 - 0.W 
0.50 - 0.6+ 
0.6+ - 0 . e  
0.28 - 0.6+ 
0.45 - 0.6+ 
0.45 - 0.6+ 
0.45 - 0.6+ 
0.50 - 0.6+ 
0.50 - 0.6+ 
0.6+ - 0 . e  
0.6+ - 0.6+ 
0.6+ - 0 . e  
0.45 - 0.6+ 
0.30 - 0.6+ 
0.40 - 0.55 
0.55 - 0.6+ 
C.6+ - 0.6+ 
0.50 - 0.6+ 
0.43 - 0.55 
0.44 - 0.6+ 
0.50 - 0 . e  
0.6-1. - 0.6+ 
e.$+ - n,e+ 
0.55 - 0.6+ 
0.30 - 0.44 
0.40 - 0.55 
0.42 - 0.55 

Wear - L i  f e 
(Mi.n/in x 104) Min . 

19 
105* 
60* 
60* 
120* 
65 
18 
130 
40 
45 
150 
90 
50 
40 
90* 
60* 
210 
50 
190 
80 
240* 
210* 
180* 
60* 
130 
900 
450 
380* 
810 
465 
180* 
280 
105* 
7 80 
345" 
390 
630 
600* 
350* 
390* 

- 
(1.6) 

>(5 .o)* 

(5 -9) 
(1.8) 
(10 .o) 
(4.0) 
(3 - 7 )  

(9 -0) 
(5 .o> 
(2 -9) 

(21 .o) 
(4 -0) 

(8.0) 
>(20 .o)* 

>(13 .l)* 

>(4.6)* 
>(10.4)* 

(12.5) 

>(8.6)* 
>( 6 .O)* 

(17.3) 

>(16 .8)* 
>(15 .O)* 
>(4.8)* 

(75 .O) 
(40.9) 

(62.3) 
(46.5) 

>(13.9)* 

(9.3) 

>( 34.5)* 

(37.4) 
>( 7.5)* 

>(34.5)* 

(67.7 j 
>( 69 .o) 
>(35 .o) 

(104 .O ) 

(41.1) 

>(47.6) 



TABLE I (Concluded) 

Additive- Thi ckne s s Friction 
$ by w t .  (in. 1 Coefficient 

NaF -50.9 0.00115 0.34 - 0.48 
NaF -55.0 0.00090 0.26 - 0.32 
NaF -55.0 0.00082 0.28 - 0.36 

* R u n  stopped before f i l m  had worn through. 

Wear- L i  f e - Min. (Min/in :: 104) 

660* >(57.4) 
25 (2 .e) 
210" >(25.6) 

I -  
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TABLE I1 

FRICTION RESULTS FROM MLF-5 SCREENING RUNS 

Load - 50 @/contact 
Speed - 900 rpm (765 fpm) 

Atmosphere - A i r  
Temperature - 80' t o  400°F 

Wear Track Description 

Material - 440 C Stainless S tee l  
Hardness - 55 t o  59 Roclwell C 
Roughness - 4 t o  6 rms 

Running Time Wear Track Coefficients of Fr ic t ion 
(min.) Temp. (OF) Run No. 1 Run No. 2 Run No. 3 Run No. 4 Run No. 5 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 

80 
80 
80 
80 
150 
200 
250 
300 
350 
400 
400 
400 
400 

0.11 
0.17 
0.18 
0.19 
0.20 
0.13 
0.09 
0.13 
0.17 
0.17 
0.18 
0.19 
0.20 

0.14 
0.15 
0.17 
0.18 
0.15 
0.12 
0.09 
0.09 
0.13 
0.22 
0.22 
0.22 
0.22 

0.17 
0.22 
0.24 
0.24 
0.20 
0.18 
0.14 
0.11 
0.14 
0.19 
0.23 
0.23 
0.26 

0.18 
0.23 
0.23 
0.23 
0.19 
0.14 
0.11 
0.10 
0.14 
0.22 
0.24 
0.24 
0.22 

0.16 
0.23 
0.23 
0.23 
0.16 
0.10 
0.13 
0.13 
0.13 
0.19 
0.22 
0.25 
0.24 
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TABLE I11 

FRICTION RESULTS FROM SCREENING RUNS 

Load - 50 gm/contact (2.2 p s i )  
Temperature - 90" t o  400'F 

Speed - 900 rpm (765 fpm) 
Atmosphere - A i r  

Wear Track Description 

Material - 440 C Stainless S tee l  
Hardness - 55 t o  59 Iiockvell C 
Roughness - 4 t o  6 rms 

Lubricant ( s  1 
MoSe2 
MoSe2 
MoSe2 
Moses 

NoSe2 , graphite , Au 
MoSe2, graphite, Au 
MoSe2, graphite, Au 
14oSe2 , graphite, Au 
MoSeg, graphite, Au 
MoSe2, graphite, Au 

ws2 
ws2 
\IS2 
\IS2 
\E2 
ws2 

WS2 J graphite 
WS2, graphite 
WS2, graphite 
IJS2, graphite 
WS2 , graphite 
WS2 J graphite 
kJS2, graphite, Au 
?7S22 graphite, A u  
bS2J graphite, Au 
W S 2 J  graphite, Au 
l.JS2, graphite, Au 
WS2, graphite, Au 

Binder 

Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  
Sodium Si l icate  

Lubricant /Binder 
\?eight Ratio 

13.717 
13.7/7 
13.715.25 
13 ~ 1 5 . 2 5  
13 -7: 1: 515 
13.7: 1: 515 
13.7: 1: 5/7 
13.7: 1: 5/7 
13.7: 1: 518.75 

14.6/5.25 
14.615.25 
14.6/7 
14.617 
14.6/8.75 
14.618.75 
14.6:0.3/7 
14 .6 : 0.3/7 
14.6: 117 
14.6: 1 / 7  
14.6: 317 
14.6:3/7 
14 .6 : 1 : 5/5 

14.6:1:5/7 
14.6: 1: 517 
14.6: 1: 518.7 
14.6:1:5/8.7 

13.7: 1: 5/a .75 

14.6: 1:5/5 

Friction 
Coefficient 

Range 

0.20 - 0.5+ 
0.20 - 0.42 
0.24 - 0.5+ 
0.1 - 0.5+ 
0.13 - 0.20 
0.13 - 0.5+ 
0.16 - 0.29 
0.15 - 0.28 
0.19 - 0.5+ 
0.19 - 0.5+ 
0.15 - 0.5+ 
0.20 - 0.5+ 
0.02 - 0.54 
0.03 - 0.33 
0.12 - 0.5+ 
0.15 - 0.54 
0.17 - 0.37 
0.06 - 0.18 
0.13 - 0.25 
0.15 - 0.28 
0.23 - 0.39 
0.13 - 0.28 
0.11 - 0.21 
0,o.r - O,S+ 
0.06 - 0.32 
0.11 - 0.23 
0.04 - 0.31 
0.10 - 0.5+ 
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TABLE 111 (Continued) 

Lubricant( s) 

MoS2, WS2, graphite, Au 
MoS2, WS2, graphite, A u  
M0S2, WS2, graphite, Au 
M0S2, \IS2, graphite, Au 
MoS2, WS2, graphite, Au 
M0S2, WS2, graphite, Au 

WSe2 
WSe2 
!JSeg 
WSe2 
TJSe2 
GSeg 

WSe2, graphite, Au 
TJSe2, graphite, Au 
1JSe2, graphite, Au 
IJSe2, graphite, Au 
"Se2, graphite, Au 
WSe2, graphite, Au 
IISe2, graphite, Au 
IEe2, graphite, Au 
IJSe2, graphite, Au 
WSe2, graphite, Au 
Si lver  Bromate 
Si lver  Bromate 
MoSg, graphite, B i  
MoS2, graphite, B i  
MoS2, graphite, B i  
MoS2, graphite, B i  
MoS2, graphite, B i  
MoS2, graphite, B i  
MoS2, graphite, B i  
MoS2, graphite, B i  
MoS2, graphite, B i  
M0S2, graphite, B i  
I"lUD2, ~ U p l l l b c ,  M A r  *-. 2 5  
MoSp, graphite, Bi2Te3 
MoS2, graphite, Au 
MoS2, graphite, Au 
MoS2, graphite, Au 

*'-- -----..L2.LL1 Q< -ma- 

Binder 

Sodium Si l ica te  
Sodium Si l ica te  
Sodium Si l ica te  
Sodium Si l ica te  
Sodium Si l ica te  
Sodium Si l ica te  
Sodium Si l ica te  
Sodium S i l i ca t e  
Sodium Si l ica te  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
Sodium S i l i ca t e  
%Ai  urn Si l i ca t e  
Sodium Si l i ca t e  
Kasil 88 + NaJ? 
Kasil 88 + NaF 
Kasil 88 + NaF' 

Lubr icant/Binder 
Weight Ratio 

7.5 : 3.65 : 1: 5/7 
7.5: 3.65: 1: 517 
2.5:10.95:1:5/7 
2.5 : 10.95: 1: 5/7 
5: 7:1:5/7 

17.318.7 
17.318.7 
17.3/7 
17.3/7 
17.3/6.2 
17.3/6.2 
14.6:1:5/7 
14: 6: 1: 5/7 
14.6: 1: 5/8.75 
14 .6 : 1 : 5/8 .75 
17.3: 1: 5/5 
17.3: 1: 515 
17.3: 1: 5/9 
17.3: 1:5/9 
17.3: 1:5/7 
17.3: 1:5/7 

5:7:1:5/7 

3/1 
311 
10: 1: 117 
10: 1: 1/7 
10: 1: 117 
10: 1: 1 / 7  
10: 1: 3/7 
10:1:3/7 
10: 1:5/7 
10: 1 : 517 

10: 1: 7/7 
10: 1: 2/7 
10: 1: 2/7 
10: 1: 5/3.5 
10: 1: 5/3.5 
10: 1: 5/3.5 

10: 1: 7/7 

Friction 
Coefficient 

Range 

0.11 - 0.37 
0.12 - 0.40 
0.09 - 0.30 
0.05 - 0.46 
0.08 - 0.40 
0.10 - 0.20 
0.27 - 0.5+ 
0.18 - 0.5-I- 
0.05 - 0.31 
0.11 - 0.30 
0.18 - 0.40 
0.21 - 0.44 
0.06 - 0.32 
0.11 - 0.23 
0.04 - 0.31 
0.10 - 0.5+ 
0.10 - 0.30 
0.10 - 0.39 
0.13 .. 0.26 
0.10 - 0.5+ 
0.20 - 0.5+ 
0.10 - 0.31 
0.40 - 0.5+ 
0.30 - 0.5+ 
0.06 - 0.26 
0.07 - 0.17 
0.10 - 0.19 
0.09 - 0.21 
0.09 - 0.22 
0.10 - 0.26 
0.09 - 0.20 
0.08 - 0.23 
0.20 - 0.45 
0.09 - 0.26 
0.09 - 0.19 
0.09 - 0.24 
0.14 - 0.46 
0.14 - 0.28 
0.17 - 0.31 
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Lubrlcant(s) 

MoS2, graphite, Au 
MoS2, graphite, Au 
Mo+, graphite, Au 
MoS2, graphite, Au 
MoS2, graphite, Au 
MoS2, graphite, Au 
MoS2, graphite, Au 
MoS2, graphite, Au 
MoS2, graphite, Au 
MoS2, graphite, Au 

TABLE 111 (Concluded) 

Lubricant /Binder 
Binder Weip$t Ratio 

Kasil 88 + NaF 
Kasil 88 + NaF 
Kasil 88 + N a F  
Kasil 83 + NaF 
Kasil 88 + NaF 
Kasil 88 + NaF 
Kasil 88 + NaF 
Kasil 88 + NaF 
Kasil 88 + NaF 
Kasil 88 + NaF 

10: 1: 5/5.3 
10: 1: 5/5.3 
10: 1: 5/8.7 
10:1:5/8.7 
10: 1: 5/7 
10: 1:5/7 
10: 1: 5/7  
10: 1: 5 /7  
10: 1: 5 / 2 1  
10: 1: 5/21 

Frict ion 
Coefficient 

Range 

0.10 - 0.26 
0.17 - 0.29 
0.13 - 0.43 
0.17 - 0.36 
0.10 - 0.28 
0.11 - 0.26 
0.07 - 0.25 
0.15 - 0.26 
0.24 - 0.40 
0.25 - 0.5+ 
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FRICTION RESULTS FROM FRICTIONfi BEHAVIOR RUNS 

Load - 50 gm/contact (2.2 psi) Speed - 900 rpm (765 fpm) 

Wear Track Description 

Material - 440 C Stainless Steel 
Hardness - 55 to 59 Rockwell C 
Roughness - 4 to 6 r m s  

Environment a1 Wear Track 

7 60 
7 60 
760 
10-7 
10-7 
10-7 

Temperature 
(OF) 

80 
250 
400 

80 
250 
400 

Friction Coefficient Range 
MLF- 551 Modified MLF-52/ 

0.12 - 0.21 0.20 - 0.33 
0.05 - 0.07 0.08 - 0.15 
0.10 - 0.15 0.09 - 0.17 
0.07 - 0.10 0.09 - 0.15 
0.09 - 0.10 0.08 - 0.16 
0.04 - 0.14 0.09 - 0.11 

-- a/ 
- b/ 

MLF-5:Mo+ + graphite + Au/sodium silicate. 
Modified MLF-5:MoS2 + graphite + Au/I’ Lasil 88 + N a F .  

I -  
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TABLE V 

I.JELAR-LIFE INVESTIGATION RESULTS FOR MLF-5 

R u n  No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
1 7  
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Load - 300 gm/contact (13.5 ps i )  
Temperature - 80°F 

Speed - 900 rpm (765 fpm) 
Atmosphere - normal room air 

Wear Track Description 

Material - 440 C s ta in less  s t e e l  
Hardness - 55 t o  59 Rockwell C 
Roughness - 4 t o  6 rms 

Film Thickness 
( in . )  

0.0004 
0.0003 
0.0003 
0.0003 
0.0007 
0.0003 
0.0005 
0.0007 
0.0004 
0.0003 
0.0005 
0.0011 
0.0009 
0.0009 
0.0007 
0.0010 
0.0010 
0.0008 
0.0010 
0.0010 
0.0009 
0.0007 
0.0006 
0.0008 
0.000: 
0.0007 
O.OCI06 
0.0008 
0.0007 
0.0007 

Vear-Lif e 
(hr. 1 (hr/in x lo4) - 
49.7 
21.5 
26.0 
20.5 
17 .5  
43 .O 

26.5 
22 .o 
42.5 
60 .O 

184.8 
106.2 

79.3 
65.9 

49.2 
38.2 

125.2 
115.4 
19.9 
22.2 
34.2 

133.2 
16.7 
1 7  .O 
52.4 
8.5 

1 7  .O 
117 .O 

216 

88.9 

Feet Rubbed 
104 

228 
98 

119 
94 
80 

197 
991 
122 
101 
195 
275 
845 
48 7 
364 
302 
408 
22 6 
1 7 5  
575 
529 

91 
102 
15 7 
611 
76 
78 

240 
39 
78  

537 
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TABLE V I  

Run No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

WEXR-LIFE lXVESTIGATION RESULTS FOR MODIFIED MLF-5 
(MoSp, Graphite, Au/Kasil 88 i NaF) 

Load - 300 gm/contact 
Wear-track temperature - 80°F 

Speed - 900 rpm 
Atmosphere - air  

Wear Track Description 

Material - 440 C Stainless S tee l  
Hardness - 5 5 t o  59 RockwellC 
Roughness - 4 t o  6 rms 

Film Thickness Wear-Life 
( in . )  (hr (&/in x 104) 

0.0010 
0.0008 
0.0012 
0.0010 
0.0008 
0.0005 
0.0007 
0.0011 
0.0009 
0.0009 
0.0007 
0.0006 
0.0009 
0.0003 

34.7 
67.7 
106.4 
125.2 
77.9 
59.6 
54.5 
319 .O 
66.1 
109 .o 
36.1 
19.8 
26 
98 

(3.5) 
(8.5) 
(8 -8) 

(9.7) 
(11.9) 
(7 -8) 

(7  *3) 
(12.1) 
(3.7) 
(3 -3) 
(2 *9> 

(12.5) 

(20.9) 

(33) 

Feet Rubbed 
x 104 

159 
311 
488 
5 75 
357 
273 
250 

1,464 
303 
500 
166 
91 
119 
45 0 
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TABLE V I 1 1  

FRICTION RESULTS FOR LUBRICANT FILMS AFTER 
RP-1 COMfAMINATION 

Load - 50 gm/contact (2.2 p s i )  Speed - 900 rpm (765 fpm) 

Wear Track Description 

Material - 440 C Stainless  S tee l  
Hardness - 59 Rockwell C 
Roughness - 4 t o  6 rms 
I n i t i a l  Film Thickness - 0.00075 i n .  

Elapsed Wear Commercial Film MLF- 5 
Running Track Film Wear Film Wear 

(min.) (OF) Coefficient ( in . )  Coefficient ( i n . )  
Time Temperature Friction After 3 hr. Friction After 3 hr .  

0- 60 90 0.17-0.29 
60-120 90-400 0.05-0.23 
120-150 400 0 -08-0.16 
150-180 400-150 0.07-0 -11 0.0002 

0 . l l - O  .19 
0 -13-0 -19 
0.14-0.16 
0 . l l - O  -14 0.0002 
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TABU IX 

MULTISTATION VACUUM SYSTEM REQUIREMENTS 

Bearing Typ e 
B a l l  Journal Spherical %per iment Conditions - 

Bearing size* 

Mot ion 

Speed, rpm 

Load 

Bearing R-4 Bearing 1 i n .  Bearing 1 in .  
1/4 i n .  bore bore or l e s s  bore or l e s s  
x 5/8 i n .  
O.D. 

Rotary Rotary and os- Rotary and os- 
c i l l a to ry  c i l l a t  ory 

3,000 t o  20,OOOw 2 t o  3,000 and 
2 t o  250 cpm 

2 t o  3,000 and 
2 t o  250 cpm 

3 l b .  thrust  50,000 ps i  (pro- 50,000 p s i  (pro- 
jected area) ected area) 

Temperature, "F -320* to 1,000 -320* t o  1,000 -320* t o  1,000 

Ambient pressure, Torr 760 t o  10-9- 760 t o  10-9- 760 t o  10-9*** 

Lubricant Solid Film Solid f i l m  Solid f i l m  

1 -  

* Approximate. 
** Cooled with l iquid nitrogen. 
*** The ultimate low pressure w i l l  probably be higher than Torr most of 

the time i n  each s ta t ion.  

- 44 - 


